INTRODUCTION
The family Orchidaceae is one of the most species-rich and morphologically diverse plant families on earth. The floral diversity of orchids has long intrigued evolutionary biologists (Darwin, 1862; Jersakova et al., 2006; Ramirez et al.) . Adaptation to specific pollinators is an important attribute of the impressive floral diversity of orchids (Cozzolino & Widmer, 2005) . Of all the orchid species, an estimated 60% are pollinated by only one species of insect (Tremblay, 1992) , which is both a prezygotic and ethological mechanism of importance in determining the reproductive isolation of species (Cozzolino & Widmer, 2005) .
However, the pollination of orchids is relatively rarely recorded under natural conditions (Widmer et al., 2000) . Because of the low proportion of flowers visited by pollinators, it is difficult to directly observe orchid pollination (Neiland & Wilcock, 1998; Tremblay et al., 2005) . However, an understanding of the reproductive biology of orchids could help determine whether a failure in the recruitment cycle is limiting their reproductive potential and constraining their population growth (Gale, 2007) . When integrated with data on other factors of their life history, this information could give an estimate of the persistence of populations at particular locations (Gale, 2007) . Therefore, knowledge of pollination biology is necessary when planning measures to conserve endangered species of plants (Roberts, 2003; Giovanetti et al., 2007) .
The aesthetic beauty and spectacular floral diversity of orchids has long been appreciated, and Eastern Asian countries such as Korea, China and Japan have a long history of cultivating these plants (Cribb, 1997) . Sedirea japonica is an orchid indigenous to the southern part of Japan and Korea and it is recorded that this orchid was cultivated on the main Okinawa island during the Ryukyu Dynasty as early as 1719 by Hsu in a report of an envoy to Chuzan. This species of orchid was commonly used as a tribute or gift in Japan and China. However, it is now thought that after years of excessive and reckless harvesting for horticulture, the wild S. japonica that once grew on the main island of Okinawa is now extinct. There are populations on other islands, which consist of only small numbers of S. japonica in the upper parts of trees, whose survival is possibly mainly due to their inaccessibility. Its status is listed as "endangered" in Japan, which means that in the near future, there is a high risk of extinction (Environment Agency of Japan, 2000) . In order to meet horticultural needs, S. japonica has been successfully propagated (Cui et al., 2008) . However, its life history in natural habitats is still poorly understood.
Taxonomically, S. japonica was once placed in Aerides. However, Garay & Sweet (1974) recognized its distinctiveness and transferred it in its own genus, Sedirea, which is an anagram of Aerides (Garay & Sweet, 1974) . However, a close relationship between Sedirea and Aerides is not confirmed by molecular studies (Topik et al., 2005; Kocyan et al., 2008) , which indicate that Sedirea could be the sister taxon to all other Aeridinae (Kocyan et al., 2008) . Approximately 1,350 species in 103 genera are recorded in the subtribe Aeridinae, which is a large and diverse group of orchids (Topik et al., 2005) . Therefore, information on the pollination biology of S. japonica is important because it may be a plesiomorphic character of the subtribe Aeridinae. Here, we recorded the insects visiting the flowers of S. japonica in order to both clarify the intimate plantpollinator interaction and plan a comprehensive conservation strategy for this orchid. To overcome the difficulty of recording the insects visiting the flowers, we used waterproof digital cameras that took photographs automatically at intervals.
MATERIAL AND METHODS
Sedirea japonica is an epiphytic orchid with glossy dark green leaves. The petals and column of the flower of Sedirea japonica are greenish white. Although the petals and dorsal sepal are completely greenish white, the bases of the lateral sepals are purple-brown. Rose-coloured blotches mark the margin of the white labellum, perhaps functioning as nectar guides (Fig. 1A, B) . The greenish white spur curves forward and its length is approximately twice its width at the widest point (Stpiczyńska et al., 2011) .
The pollination biology of S. japonica was carried out at Kitakyushu City, Fukuoka Prefecture in early July. At the study site, plants of S. japonica were growing on Quercus glauca at a height of ca. 5 m. The study site was originally a dense, broadleaved evergreen forest dominated by Castanopsis sieboldii and Machilus thunbergii. Due to forestation, however, it is presently dominated by Phyllostachys heterocycla. Because our preliminary investigation revealed that pollinia were removed during daytime, we recorded the insects that visited the flowers of two Abstract. There are no records of the pollinators of many orchids even though the Orchidaceae are often cited as the example of an intimate relationship between plants and their pollinators. We recorded the insects visiting the flowers of Sedirea japonica that might be pollinators of this species by using digital cameras to take photographs automatically of the flowers. Based on our evidence of pollinia being attached or removed from flowers, we conclude that Sedirea japonica can be pollinated by Bombus diversus diversus.
plants of Sedirea japonica during the day using two waterproof digital cameras (Optio WG-1, Pentax, Japan). Photographs were taken automatically at intervals of 10-20 s, over a period of 14 h between July 8 and July 10, 2012.
When orchids are pollinated, it is possible to measure both female and male reproductive success, because the deposition and removal of pollinia are easily scored and identified in the field, and are a good index of the number of visits by pollinators. The plants of S. japonica photographed were checked before and after they were photographed to determine whether pollen was removed or deposited on the flowers. Furthermore, the number of flowers from which pollen was removed (male reproductive success) or deposited on (female reproductive success) were counted at the end of flowering season for 39 flowers of the two photographed S. japonica plants.
RESULTS AND DISCUSSION
We found that the flowers of Sedirea japonica were only visited by females of Xylocopa appendiculata circumvolans (2 pictures, 2 visits; Fig. 1C ) and workers of Bombus diversus diversus (12 pictures, 9 visits; Fig. 1D ) over the 14-h period of this study. However, it should be noted that some of the visitors may spend very little time approaching and collecting resources from these flowers and thus their short visits (lasting less than 10 s) may not have been recorded. The bees recorded visiting the flowers directly landed on the lip, and then adjusted their position so that they could enter the flower to forage for nectar within the spur. Both species were large enough to access the nectar within the spur. No pollen attachment/removal was recorded for the two visits by Xylocopa bees. However, as there were only two visits by Xylocopa bees it is not possible to say whether they are able to pollinate this orchid or not. In contrast, at least pollinia of two flowers were removed during the 14 h period of this study as there was a viscidium attached to the thorax of two of the B. diversus that visited the S. japonica flowers. This fact indicates that some pollinia were detached and therefore Bombus can successfully pollinate this orchid. In fact, we revealed the removal of pollinia twice and deposition of pollinia once in flowers visited by Bombus. Therefore, it is highly possible that B. diversus diversus is the pollinator of S. japonica, although we did not directly observe Bombus depositing a pollinium.
Because pollen grains are usually tiny, interval photography and video monitoring may not be suitable for identifying pollinators of plants other than orchids (Suetsugu & Tanaka, 2013) . In the family Orchidaceae, pollen grains are transferred in large groups within pollinia, which can easily be seen. The presence or absence pollinia are good indicators that pollen has been deposited or removed, respectively. Thus, a good technique to use when recording the insects visiting orchid flowers is video monitoring and/or interval photography. The present results clearly indicate that relatively large bees, such as bumblebees, pollinate Sedirea japonica but further studies on the specificity of this pollinator are needed.
Because Bombus is able to regulate its body temperature, bumblebees can pollinate flowers located in shaded and cold sites, i.e. under-stories of forest. The Bombus system of pollination, therefore, has evolved independently in Japanese temperate forests, and is important for orchids that grow where the light intensity is low (Sugiura, 1996; Sugiura & Yamaguchi, 1997) . Whilst epiphytes are probably exposed to higher levels of irradiance, compared to understory plants (Tsutsumi et al., 2011) , S. japonica typically inhabits dense broad-leaved evergreen forest in which the endothermic Bombus may be at an advantage in terms of pollinating S. japonica.
Although S. japonica is known as nectariferous orchid (Stpiczyńska et al., 2011), our observations suggested that the amount of nectar secreted was very low, as there was too little to be able to collect it with microcapillary tubes. It is expected that pollinators will learn to avoid non-rewarding plants (Li et al., 2011) and quickly switch to alternative species after only visiting a few non-rewarding flowers (Dafni & Ivri, 1981) . This often results in a low incidence of visits and a lower rate of successful reproduction in deceptive orchids (Neiland & Wilcock, 1998; Tremblay et al., 2005) . For continuously attracting pollinators, the amount of nectar produced by S. japonica may not be sufficient. Our records indicate that the pollinators usually visited only one flower of an inflorescence, which partially supports this view. B. diversus diversus was, in only one case, photographed consecutively on the same flower. Additionally, although we photographed the entire inflorescence, which consisted of more than 10 flowers, only two B. diversus diversus were recorded visiting different flowers in the same inflorescence. Thus, it is likely that B. diversus diversus is not so much a geitonogamous as an outcrossing pollinator.
During the course of the flowering season pollinia were removed from 23% (9/39) of the flowers. The number of pollinia deposited was much lower as only 7.7% (3/39) of the flowers were successfully pollinated. Such low pollination success indicates that spontaneous autogamy does not occur in S. japonica, but we did not directly test this by excluding pollinators. Therefore, pollinia vectors are essential for producing seed in natural habitats. The percentage of S. japonica flowerspollinated (7.7%) is relatively low. Production of seed by both nectariferous and nectarless orchids, other than autogamous species (Suetsugu, 2013) , is often limited by the low number of visits from pollinators (Neiland & Wilcock, 1998; Tremblay et al., 2005) . However, nectariferous orchids are more successful in producing seed than are nectarless species, and there is a positive association between orchid rarity and lack of a nectar reward for pollinators (Chung & Chung, 2003) . The provision of nectar as a reward for pollinators, on average, doubles the probability of fruit set (37.1 ± 3.2%, nectariferous orchids, n = 84 and 20.7 ± 1.7%, nectarless orchids, n = 130; Neiland & Wilcock, 1998; Tremblay et al., 2005) . The low reproductive success recorded for S. japonica also indicates that the amount of nectar it secretes is not sufficient to attract pollinators.
Interestingly, pollinated flowers of Sedirea japonica changed colour from white to bright yellow (Fig. 1A, B) . It is thought that the colour change of flowers evolved to enhance the pollination success of plants that visually attract pollinators (Weiss, 1995 (Weiss, , 1997 Weiss & Lamont, 1997; Ida & Kudo, 2003) . Flowers that change colour increase the frequency with which pollinators approach plants by enhancing the attractiveness of individual plants, i.e., long-distance attraction (Niesenbaum et al., 1999; Oberrath & Böhning-Gaese, 1999) . Some studies also report that the colour change of the flowers operates as a cue to deter pollinators from visiting older flowers with little reproductive value; essentially, they are only attractive over shortdistances (Gori, 1989; Weiss, 1991; Niesenbaum et al., 1999; Oberrath & Böhning-Gaese, 1999) . As the colour of melittophilous flowers is often blue or yellow (Faegri & Van der Pijl, 1979) , it is possible that these changes in the colour of the flowers enhance pollination success by visually capturing the attention of bumblebees. This is worth testing in a future study, by determining how yellow-coloured flowers influence the behaviour of Bombus and the reproductive success of the orchid under controlled experimental conditions.
